An experimental investigation is performed to study the effect of the finned surfaces and surfaces with vortex generators on the local heat transfer coefficient between impinging circular air jet and flat plate. Reynolds number is varied between 7000 and 30,000 based on the nozzle exit condition and jet to plate spacing between 0.5 and 6 nozzle diameters. Thermal infrared imaging technique is used for the measurement of local temperature distribution on the flat plate. Fins used are in the form of cubes of 2 mm size spaced at a pitch of 5 mm on the target plate and hexagonal prism of side 2.04 mm and height of 2 mm spaced at a pitch of 7.5 mm. Vortex generators in the form of a equilateral triangle of side 4 mm are used. Effect of number of rows of vortex generators, radius of a row, number of vortex generators in a row and inclination angle (i.e., the angle between the plane of the target plate and the plane of the vortex generators) on Nusselt number is studied. It is observed that the heat transfer coefficient between the impinging jet and the target plate is sensitive to the shape of the fin. The increase in the heat transfer coefficient up to 77% depending on the shape of the fin, nozzle plate spacing and the Reynolds number is observed. The augmentation in the heat transfer for the surfaces vortex generators are higher than that of the finned surfaces. The heat transfer augmentation in case of vortex generator is as high as 110% for a single row of six vortex generators at a radius of 1 nozzle diameter as compared to the smooth surface at a given nozzle plate spacing of 1 nozzle diameter and a Reynolds number of 25,000 at extreme radial location.
Introduction
Impinging jets have received considerable attention due to their inherent characteristics of high rates of heat transfer besides having simple geometry. Various industrial processes involving high heat transfer rates apply impinging jets. Few industrial processes which employ impinging jets are drying of food products, textiles, films and papers; processing of some metals and glass and cooling of gas turbine blades and outer wall of the combustion chamber; cooling of electronic equipments, etc. Heat transfer rates in case of impinging jets are affected by various parameters like Reynolds number, nozzle plate spacing, radial distance from stagnation point, Prandtl number, target plate inclination, confinement of the jet, nozzle geometry, curvature of target plate, roughness of the target plate, low scale turbulence intensity, i.e., turbulence intensity at the nozzle exit.
Gardon and Cobonpue [1] have reported the heat transfer distribution between circular jet and flat plate for the nozzle plate spacings greater that two times the diameter of jet, both for single jet and array of jets. They have used specially designed heat flux gage for the measurement of local heat transfer rates from a constant wall temperature plate. Gardon and Akfirat [2] have studied the effect of turbulence on the heat transfer between two-dimensional jet and flat plate. They also studied effect of multiple two-dimensional jets on the heat transfer distribution [3] . Baughn and Shimizu [4] and Hrycak [5] have conducted experiments of heat transfer between round jet and flat plate employing different methods of surface temperature measurement. Lyttle and Webb [6] have studied the effect of very low nozzle plate spacing (Z/D < 1) on the local heat transfer distribution on a flat plate impinged by a circular air jet and found that in the acceleration range of the nozzle plate spacing (Z/D < 0.25), maximum Nusselt number shifts from the stagnation point to the point of secondary peak with the effect being more pronounced at higher Reynolds number. Gao et al. [7] have studied the effect of triangular tabs put at the exit of the nozzle. Lee et al. [8] have studied effect of nozzle diameter (1.36, 2.16, and 3.40 cm) on impinging jet heat transfer and fluid flow. They reported that local Nusselt numbers in the stagnation point region corresponding to 0 6 r/D 6 0.5 are increased with increasing nozzle diameter. This is attributed to the increase in the jet momentum and turbulence intensity with the larger nozzle diameter, which in turn results in the heat transfer augmentation at the stagnation point. Review of the experimental work on impinging jets is done by Martine [9] , Jambunathan et al. [10] and Viskanta [11] .
Beitelmal et al. [12] analyzed two-dimensional impinging jets and correlated heat transfers in the stagnation point, stagnation region and wall jet region with approximate solutions developed using simplified flow assumptions. Correlations for stagnation point and average heat transfer are reported by Zukerman and Lior [13] . Hoffman et al. [14] conducted an experimental investigation on flow structure and heat transfer from a single round jet impinging perpendicularly on a flat plate. The influence of nozzleto-plate distance and Reynolds number on local heat transfer coefficient was investigated. Correlations for local and average heat transfer coefficients are reported.
Hansen and Webb [15] have studied the effect of the modified surface on the average heat transfer between impinging circular jet and the flat plate. They have found that for the pyramidal, short square and intermediate square fins, there is an increase in the average Nusselt number value by 12-23% and reduction in the value of the average Nusselt number by 4-38% for the other types of fins studied. Chakroun et al. [16] have studied the effect of surface roughners, in the form of cubes, on the heat transfer between impinging jets and flat plate. They have reported the heat transfer augmentation up to 8-28%. However, their data reflects the average Nusselt number variation rather than local data because of the large thickness of the target plate (10 mm) used. Ekkad and Kontrovitz [17] have studied the effect of the dimpled surface on the heat transfer between array of circular jets and the flat plate. They have reported the reduction in the heat transfer coefficient for the dimpled surface as compared to the smooth surface.
Miyake et al. [18] studied heat transfer characteristics of an axisymmetric jet impinging on a wall with eleven concentric attached square ribs as roughness elements (0 < r/ d < 5.0). Each rib was separated and heated individually so as to form isothermal surface. Rib height to nozzle diameter ratios of 0.1 and 0.2, rib width to nozzle diameter of 0.1 and 0.2, pitch to rib height ratios of 5 and 10 for jet to plate spacing of 3-10 were covered in this study. Thus radial distribution of segment averaged heat transfer coefficients is presented. The ribbed surface with pitch to rib height ratio of 5 and rib height to hydraulic diameter ratio of 0.1 is reported to have higher heat transfer augmentation than other configurations. Gau and Lee [19] and Gau and Lee [20] have reported the heat transfer augmentation to slot jet impinging on square ribbed and triangular ribbed walls, respectively. In both the cases, the ribs were attached to the target plate. The augmentations reported may be due to combined effect of two factors, namely (a) the enhanced turbulence mixing by distorting the flow fields caused by the presence of ribs and (b) the extension in heat transfer surfaces, fin effect, provided by the ribs. Can and Etemoglu [21] transfer by using turbulence promoters to artificially raise the turbulence level. They observed that the increase in the heat transfer was not significant. Nalawade and Vedula [22] have conducted experimentation to investigate the effect of different parameters of the delta wing vortex generators on two opposite walls of a square duct. They have reported the effect of pitch to height of vortex generators ratio, included angle of vortex generators and vortex generator height to hydraulic diameter ratio of the square duct. Their results show, an increase in Nusselt number of about 2.5 times for the duct with vortex generators as compared to that of smooth duct for same pumping power. They have found that the increase in Nusselt number is constant for increase in angle of vortex generator beyond 64°(i.e., included angle of 32°).
Literature review suggests that there is lack of information on the local heat transfer distribution for finned surfaces and effect of the vortex generators on the heat transfer between the impinging jet and flat plate in the literature. Hence, the aim of the present work is to study the effect of the fins and the vortex generators on the local heat transfer coefficients between the impinging circular jet and flat plate. The experimental parameters are the Reynolds number varied between 7000 and 30,000 based on the nozzle exit condition and jet to plate spacing of 0.5, 1, 2, 4 and 6 nozzle diameters. Different configurations of surfaces in the form of fins, studied in the present work are cubical fins, hexagonal fins and vortex generators. Cubical fins are of 2 mm size spaced at a pitch of 5 mm on the target plate and hexagonal fins are of side 2.04 mm and height of 2 mm spaced at a pitch of 7.5 mm. Vortex generators in the form of equilateral triangle of side 4 mm are used in different configurations such as single row of six and three vortex generators at radius of 1 and 0.75 nozzle diameters from the stagnation point; two rows with same pitch, inline and staggered arrangement and the angle between the plane of the target plate and the plane of the vortex generators of 10°and 20°are studied to observe the augmentation in the heat transfer. The nozzle is in the form of a circular pipe of diameter 7.35 mm with length to diameter ratio of 83.
Experimental set-up
The experimental set-up layout is depicted in Fig. 1a . Air jet is supplied by a three-cylinder two-stage air compressor through a calibrated orifice flow meter. Air filter and pressure regulator are installed upstream of the orifice flow meter to filter the air and to maintain the downstream pressure at a value of 4 ± 0.05 bar. The flow rate is controlled by two needle valves, one on each side of the orifice flow meter. The function of the upstream needle valve is not to allow cooling air to flow until the compressor has built up the pressure in its reservoir above 4 bar. Actual flow rate is controlled by the downstream needle valve. The nozzle, which directs the air until it impinges upon a heated target plate, is constructed with an aluminum pipe of inner diameter of 7.35 mm and length to diameter ratio of 83, which is almost same as that of Lyttle and Webb [6] . This length is sufficient to ensure fully developed flow over the Reynolds number range investigated. The end of the nozzle pipe is machined perpendicular to the nozzle axis. The impinging plate is constructed using 1 mm thick stainless steel plate of size 120 mm Â 120 mm. Nichrome heater of 100 mm Â 100 mm is packed between impinging plate and a Bakelite support plate with mica sheets in between to isolate electrically the impinging plate from the heater. The impinging plate and Bakelite support are tightened together with nuts and screws as shown in Fig. 1b to ensure the satsifactory contact between impinging plate and the heater. This assembly is then insulated from all sides except the impinging surface by ceramic wool and thermocole to reduce the back and side conduction losses. A two-dimensional traverse system is used to locate the target plate at a given position with respect to the nozzle exit.
Electric power is supplied to the heater through a variac. The voltage and the current are measured by 'Meco' SMP 35 digital panel meters. The range and the accuracy of these meters are 0-200 ± 0.5% V and 0-5 ± 0.5% A, respectively. A Chromel-Alumel thermocouple (K-type) junction is soldered on the target plate at its extreme end to monitor the steady state of the system. The output of the thermocouple is measured by Agronic make millivoltmeter. Thermoteknix make Ti200 infrared camera is used to measure the local temperature distribution over the target plate. Infrared camera reads the temperature of the plate depending on the emissivity value of the surface of the plate. Therefore, it is necessary to calibrate the emissivity of the surface. This is done by constructing a 100 mm size cubical tank from the same material as that of the target plate (i.e., stainless steel). This tank is painted with 'Matt Finish Asian' black paint to achieve uniform emissivity all over the surface. The tank is insulated from the five sides and one side is opened to the atmosphere. Tank is filled with water and water is heated with a 500 W heater, which is immersed from the top. Stirrer is immersed in the water to maintain the uniform temperature of the water bath. Two calibrated thermocouples are soldered on the surface of the tank, which is exposed to the atmosphere, at two different locations. Initially, water in the tank is heated to the temperature of about 70°C (i.e., the temperature more than the maximum temperature obtained during the experimentation). Once, this temperature is reached, the electrical power to the heater is switched off and temperature of surface is allowed to drop. During cooling of the surface, the time constant of the temperature drop is about 3 min per 0.24°C. This time is sufficient to take 4-5 images of the surface with the infrared camera and to read the thermocouple readings. The emissivity input to the images is then adjusted till the temperature read by the image is the same as that read by the thermocouples. This procedure is repeated for different temperatures of the exposed surface in the range of the temperature of the impinging surface. The average emissivity is found to be 0.99. The uncertainty in the temperature measurement is not more than ±0.5°C. Table 1 gives the details of each configuration. Cubical and hexagonal fins are made of stainless steel and vortex generators are made of aluminium. Cubical fins, hexagonal fins and vortex generators were glued to the flat surface using epoxy resin. The layer of glue between the ribs and the foil is made thin enough so that the thermal resistance is negligible while the electric resistance is large to prevent the electric current circulating through the ribs.
Data reduction
The radial temperature distribution is obtained by averaging the temperature from 10 thermal images. The Nusselt number for the smooth surface is calculated by
Nusselt number at the locations on the base surface for finned surface is calculated by Eq. (1) and the heat transfer coefficient at the locations on the top of the fin is obtained from the iterative solution of Eq. (2) as suggested by Hansen and Webb [15] considering roughness elements as fins.
where 
Nusselt number on the top of the fin is then calculated by
Three-dimensional numerical modeling of the fin using Fluent suggests that the temperature variation within the fin is not more than ±0.3°C. Therefore, it is assumed that the fin is at uniform temperature and Nusselt numbers at the top of the fins are presented only for the center of the fins. The increase in the total surface area for the surfaces with vortex generators are negligible as compared to that of smooth surface, as seen from Table 1 . Therefore, Eq.
(1) is directly used for the calculation of Nusselt number for these surfaces. Jet temperature (T j ) is measured by a thermocouple at the exit of the nozzle. Total heat loss through radiation and side and back conduction is found to be less than around 2% and therefore neglected in the calculation of Nusselt number. Table 2 gives the details of the uncertainties in various parameters measured. The uncertainty in the calculation of the Nusselt number and Reynolds number is found to be less than 9% and 4%, respectively.
Results and discussion
The heat transfer data are collected for various configurations of surfaces as mentioned in Table 1 for the Reynolds number varied between 7000 and 30,000 based on the nozzle exit condition and jet to plate spacing of 0.5, 1, 2, 4 and 6 nozzle diameters and the results are presented in the following sections.
Heat transfer distribution on smooth surface
The local Nusselt number at a given Reynolds number of 23,000 and Z/D of 6 is compared with those of the earlier published data as shown in Fig. 4 . In the present study, the diameter and the length of the nozzle pipe closely resembles with those of Lyttle and Webb [6] . Fig. 4 shows that the present results of Nusselt number distribution compare well with those of Lyttle and Webb [6] , particularly in the region away from the stagnation point. At stagnation point, present work gives about 10% lower value of the Nusselt number. This difference may be attributed to the target plate thickness that plays an important role in lateral conduction when target plate is subjected to variable heat transfer coefficient. The target plate thickness in the present work is 1 mm whereas Lyttle and Webb [6] have used a stainless steel foil of thickness 0.051 mm. Results of the present work are in good agreement with that of Gao et al. [7] for the entire range of r/D. In the stagnation region, it also compares well with the heat transfer results of Baughn and Shimizu [4] , but is higher in the region away from the stagnation point. The heat transfer data of Lee et al. [8] and Yan (in Ref. [8] ) are lower that the results of the present work. These differences may be attributed to the differences in the boundary condition and also the technique employed in capturing the local temperature distribution. Lytle and Webb [6] and Gao et al. [7] employ thin metal foil technique for a constant heat flux boundary condition. Lee et al. [8] and Yan (in Ref. [8] ) employ liquid crystal thermography for a constant heat flux boundary condition using steady state technique. However, Baughn and Shimizu [4] employ liquid crystal thermography with transient technique. 
Effect of Z/D on the Nusselt number distribution
Fig . 5 shows the Nusselt number variation in radial direction from the stagnation point for different nozzle plate spacing of 0.5, 1, 2, 4, 6 and 7 times the diameter of jet. For given nozzle plate spacing, maximum heat transfer is observed at the stagnation point and heat transfer decreases monotonically in the radial direction for all nozzle plate spacings. It is interesting to observe that stagnation point heat transfer, as shown in Fig. 6 , is maximum at Z/D of 0.5, and then it reduces as the Z/D is increased and again increased in the vicinity of Z/D of 6 and further reduction in the stagnation point heat transfer is observed at higher Z/D's. The higher heat transfer in the vicinity of Z/D of 6, suggests that the jet shear layer turbulence is penetrated at the center at this nozzle plate spacing to give higher heat transfer rate [2] . The high heat transfer at nozzle plate spacing of 0.5 suggests that the acceleration of the fluid through the gap between target plate and nozzle exit comes into effect at this nozzle plate spacing. Also, it is worth mentioning here that the top of the fin is located only at a distance of 0.23D. Fig. 7 shows the variation in the Nusselt number in the radial direction at different Reynolds number at given Z/D of 6. In general, it is observed that the increase in Reynolds number increases the heat transfer at all the radial locations. But, increase in heat transfer is higher at the stagnation point as compared to any other radial location for a given increase in the Reynolds number. For example, for an increase in Reynolds number from 7000 to 12,500, the stagnation point Nusselt number increases from 44 to 77 (i.e., 74%) whereas at radial location corresponding to r/ D of 6.8, the increase in Nusselt number is from 22 to 33 (i.e., 48%). This suggests that the stagnation point heat transfer is stronger function of Reynolds number than wall jet heat transfer. considerable reduction in the Nusselt number is observed on the top of the fins as compared to that of smooth surface. The increase in the heat transfer at the base surface is because of the increase in the turbulence generated [13] and the decrease in the Nusselt number at the top of the fins is because of the increase in the heat transfer area of the fins. The total increase in the area of the cubical finned surface is about 58% as compared to that of smooth surface as given in Table 1 . Comparing the increase in the heat transfer at the base surface for different nozzle plate spacings suggests that increase in heat transfer is higher for Z/D of 1, 2 and 4 as compared to other nozzle plate spacings of 0.5 and 6. For Z/D of 1, as shown in Fig. 8b , the increase in the heat transfer on the base surface ranges between 34% and 58% depending on the radial location from the stagnation point and decrease in the heat transfer on the top of the fin at the stagnation point is about 73%. Fig. 9 shows comparison of the Nusselt number for the smooth and the cubical finned surfaces at a Z/D of six for different Reynolds number. It can be observed that the increase in the heat transfer on cubical finned surface as compared to that of smooth surface is higher in the stagnation region as compared to wall jet region. Increase in the Reynolds number causes increase in heat transfer in the range of Reynolds number from 7000 to 16,000 then increase in the heat transfer is lower for the further increase in the Reynolds number. Similar observations are made by Chakroun et al. [16] . number as compared to that of smooth plate, on the base surface and reduction in the Nusselt number on the top of the fins as compared to that of smooth surface is observed, similar to cubical finned surface. The total increase in the area of the hexagonal finned surface is about 41% as compared to the smooth surface as given in Table 1 . The increase in heat transfer is higher for Z/D of 1 and 2 as compared to other nozzle plate spacings. For Z/D of 1, the increase in the heat transfer on the base surface ranges between 24% and 49% depending on the radial location from the stagnation point and decrease in the heat transfer on the top of the fin at the stagnation point is about 50%. Fig. 11 shows comparison of the Nusselt number for the smooth and the hexagonal finned surfaces at a Z/D of six for different Reynolds number. It can be observed that the increase in the heat transfer on hexagonal finned surface as compared to that of smooth surface is higher in the stagnation region as compared to wall jet region, similar to cubical finned surface. At Reynolds number of 7000, as seen from Fig. 11a , the increase in the Nusselt number on the base surface is 77% at r/D of 0.184 and decrease in the Nusselt number at the top of the fin at stagnation point is 42%. At other Reynolds numbers, the hexagonal fins are not much effective as compared to smooth surface.
Effect of Reynolds number on the Nusselt number distribution

Heat transfer distribution on cubical finned surface
Heat transfer distribution on hexagonal finned surface
It can be concluded that there is overall increase in the heat transfer for the finned surfaces as compared to that of smooth surface. But, increase in the Nusselt number depends on the radial location falling on the fin or the base surface. On the base surface Nusselt number is increased and on the top of the fin Nusselt number is decreased. Thus, the increase in the heat transfer on the fin is because of increase in the heat transfer area. Six vortex generators are glued on the smooth surface along the circumference of a circle of radius of 1 nozzle diameter at 60°apart, around the stagnation point, as shown in Fig. 3a . The vortex generators are in the form of 4 mm equilateral triangles made from 0.5 mm aluminum sheet. The inclination angle (angle between plane of the vortex generators and the plane of the plate) is maintained at 10°as shown in Fig. 3b. Fig. 12 gives the comparison of the Nusselt number for smooth surface and surface with six vortex generators at a Reynolds number of 23,000 for different Z/D's. Considerable increase in Nusselt number as compared to that of smooth plate is observed for the surface with vortex generators, particularly at lower nozzle plate spacings. The increase in heat transfer ranges between 24% and 110% depending on the radial location from the stagnation point and nozzle plate spacings. For Z/D of 1, the increase in the heat transfer at the stagnation point is about 90% as compared to that of smooth surface. It is interesting to observe that the increase in the total heat transfer area for the surface with the vortex generators are just about 1% as shown in Table 1 . For Z/D of 6, vortex generators do not show an increase in the Nusselt number as compared to that of smooth surface suggesting that the vortex generators are effective within the potential core, the length of which is, typically, 4.7-7.7 nozzle diameters [11] . It is speculated that the augmentation in the heat transfer with the vortex generators are because of the disturbance of the jet by vortex generators just before impingement, particularly at small Z/D's.
Two rows of vortex generators (same circumferential pitch)
Vortex generators are glued on the smooth surface in two rows at radii of 1 and 3 nozzle diameters, respectively. The circumferential pitch between the two vortex generators in both the rows is kept same as shown in Fig. 3c . Nusselt number distribution for this configuration is shown in Fig. 13 . It can be observed from Fig. 13c and d that for Z/ D's of 2 and 4, the heat transfer is higher than that for the smooth surface. However, the data are in good agreement with the corresponding heat transfer data for the surface with single row of vortex generators, suggesting that the second row has no effect on the heat transfer data compared to that for the surface with single row. For low Z/ D's of 0.5 and 1 as shown in Fig. 13a and b, the heat transfer data for the surface with two rows are considerably lower than that for surface with single row. Thus, second row dominates the effect of the first row of vortex generators at low Z/D's. The heat transfer data for Z/D of 6 suggest that the vortex generators are still effective in the potential core region, only. The second row of the vortex generators are modified by maintaining only 6 vortex generators in the second row at same angular locations as that of the first row as shown in Fig. 3d . Nusselt number distribution for this surface is compared with that of smooth surface and also for the surface with single row of vortex generators in Fig. 14 . In most of the cases of surface with vortex generators with Z/D of 6, the heat transfer data compare with the heat transfer data for the smooth surface. Therefore, heat transfer data is presented for lower Z/D's only. It can be observed that the inline arrangement of second row gives similar variation in the Nusselt number as that of single row arrangement particularly at larger Z/D's. At small Z/D of 0.5, heat transfer at the stagnation point for the surface with two rows of vortex generators with inline arrangement is 16% lower than the surface with single row of vortex generators.
Two rows of vortex generators (staggered arrangement)
The second row of the vortex generators are modified by maintaining 6 vortex generators in the second row and second row is staggered with respect to the first row of vortex generators as shown in Fig. 3e . The heat transfer for this Thus, increasing number of rows of the vortex generators does not improve the heat transfer as compared to single row of vortex generators and maximum augmentation in the heat transfer is obtained by single row of six vortex generators only.
Effect of number of vortex generators in a row
Single row of three vortex generators
The surface with single row of the vortex generators are modified using three vortex generators instead of six vortex generators to observe the effect of the number of vortex generators in one row arrangement as shown in Fig. 3f . It is expected that the reduction in the number of vortex generators in the row will reduce the local heat transfer as compared to that of the surface with single row of six vortex generators. Fig. 16 shows the comparison of local Nusselt number distribution for surface with single row of three vortex generators with that for surface with single row of six vortex generators and a smooth surface at different Z/D's and Reynolds number of 25,000. It can be observed that the augmentation in the heat transfer for surface with single row of three vortex generators compared to smooth surface is lower than that for surface with single row of six vortex generators. The difference between the stagnation point heat transfer for surface with single row of three vortex generators and for surface with single row of six vortex generators goes on increasing as Z/D is reduced, the stagnation point heat transfer for surface with single row of three vortex generators being lower. Thus, reduction in the number of vortex generators in a row reduces the heat transfer as compared to that of single row of six vortex generators.
Effect of change in radius of single row of vortex generators
The radius of the single row of vortex generators are changed from 1D to 0.75D to observe its effect on the local heat transfer distribution. The results of heat transfer for this configuration at a Reynolds number of 25,000 for different Z/D's are presented in Fig. 17 . It can be seen that the heat transfer in the stagnation region is slightly improved for the surface with single row of vortex generators at a radius of 0.75D as compared to that for surface with single row of vortex generators at a radius of 1D for higher Z/D's of 2, 4 and 6. However, for lower Z/D's of 0.5 and 1, the heat transfer in the stagnation region is lower for the surface with single row of vortex generators at a radius of 0.75D as compared to that for surface with single row of vortex generators at a radius of 1D.
Effect of change in inclination angle vortex generators
Inclination angle of the vortex generators are increased from 10°to 20°in case of the surface with single row of six vortex generators to observe its effect on the Nusselt number distribution. The results are presented for Z/D of 0.5 and Reynolds number of 23,000 in Fig. 18 . It can be observed that there is no effect of the change in the inclination angle of the vortex generators.
Comparison of stagnation point Nusselt number for surfaces with different configurations of vortex generators
Stagnation point Nusselt number for surfaces with different configurations of vortex generators are listed in Table 2 . Percentage in the table indicates the percentage of increase in the Nusselt number of finned surface compared to the corresponding smooth surface. It can be observed that the augmentation in the stagnation point Nusselt number is the strong function of the configuration of the vortex generators used. The increase in the stagnation point Nusselt number ranges between 15% and 98% depending on the configuration used and Z/D's. It can be Table 3 Influence concluded from Table 3 that the optimum configuration of the vortex generators are the single row of the six vortex generators at a radius of 1D out of all the configurations studied, which gives good augmentations at all the Z/D's studied.
Conclusions
An experimental investigation is performed to study the effect of fins and vortex generators on the local heat transfer coefficients between the impinging circular air jet and flat plate. Reynolds number is varied between 7000 and 30,000 based on the nozzle exit condition and jet to plate spacing between 0.5 and 6 nozzle diameters. The fins used are in the form of cubes of 2 mm size spaced at a pitch of 5 mm on the target plate and hexagonal prism of side 2.04 mm and height of 2 mm spaced at a pitch of 7.5 mm. Vortex generators in the form of equilateral triangles of side 4 mm are used. Effect of number of rows of vortex generators, radius of a row, number of vortex generators in a row and inclination angle (i.e., the angle between the plane of the target plate and the plane of the vortex generators) on Nusselt number is studied.
The finned surface increases the heat transfer coefficient on the target plate by about 24-77% at the base surface depending on the shape of the fin, nozzle plate spacing and the Reynolds number. The decrease in the Nusselt number at the top of the fin is about 42-76%. The increase in the heat transfer for finned surface is because of the increase in the turbulence generated and the decrease in the heat transfer coefficient at the top of the fins is because of the increase in the heat transfer area.
Surfaces with vortex generators are more effective in the heat transfer than the finned surfaces. The increase in the heat transfer area for the vortex generators are negligible as compared to that of finned surfaces. Surface with vortex generator gives increase in the heat transfer coefficient as high as 110% compared to smooth surface. This increase in the heat transfer for the surface with vortex generator is speculated because of the disturbing of the jet before impingement when plate is kept within the potential core, which may have increased the turbulence intensity at the impingement. The effect of increase in the number of rows of vortex generators, arrangement of vortex generators in a row, radius of pitch circle of vortex generators and number of vortex generators in a row is to decrease the Nusselt number compared to single row of six vortex generators. Thus, the optimum configuration of the vortex generators are single row of six vortex generators. The inclination angle does not affect the heat transfer in case of the vortex generators.
